Infrared (IR) specular re¯ectance spectra of a sem i-in® nite sample of vitreous silica (v-SiO 2 ) were obtained with the use of both s-and p-polarized light and oblique incidence angles. The optical constants of the m aterial and hence its longitudinal optic/transverse optic (LO-TO ) functions were determ ined through the K ramers± Kro È nig analysis (K KA) of its s-polarized 208 off-normal re¯ectance spectrum . p-Polarized spectra had their re¯ection m axima blue-shifting as the incidence angle increased, while they rem ained unchanged for the s-polarized spectra. Since an LO mode generally lies at wavenumbers higher than its resp ective TO m ode, such a blue shift m ay be due to the detection of the LO m ode in addition to the TO m ode as incidence angle increased. The only exception to this observation was the high-frequency shoulder, which underwent a sharp inten-si® cation as the incidence increased. The present work shows that it is indeed brought about by the weakly IR active asymm etrical mode (AS2) but only because it takes place im mediately after the intense AS1 m ode, which causes the refra ction index spectrum to have a broad dip below unity. Such a dip is proven to be responsible for the sharp increa se in the high-frequency shoulder of the re¯ectance spectra .
INTRODUCTIO N
Infrared (IR) spectroscopy has been widely used for studying the structure of vitreous materials, such as v-SiO 2 , v-GeO 2 , and v-BeF 2 . They have been the focus of a number of experimental as well as theoretical investigations. 1±5 More recently, in addition to these typical glasses, other types of glasses have been studied by IR spectroscopy, such as borate, 6¯u oride, 7 phosphate, 8 and heavy m etal oxide 9 glasses. The main advantage of this technique is its directness in probing structures. However, since there is no single theory which allows the direct calculation of glass structure from the spectral data, structure models must be inferred and built within the constraints provided by the available spectra. 1 Infrared spectra can be recorded either in absorption or re¯ection m odes, although, as it is not easy to m easure IR transmission spectra of m aterials which have very strong absorptions, the external re¯ection technique is more suitable and more often applied. Since the dispersion in the refractive index, n, plays an important role in a re¯ectance m easurement, the spectrum obtained is completely different from that obtained through a transm ission m easurement, which is strongly in¯uenced by the absorption index, k. However, a complex refractive index, nÄ 5 n 1 ik, and hence a com plex dielectric function, Î Ä 5 nÄ 2 , can be determined from a re¯ectance spectrum Received 17 August 1999 ; accep ted 17 Decem ber 1999. * Author to whom correspondence should be sent. through a well-known mathematical route named Kra-mers±Kro È nig analysis (KKA). 10 ±14 The understanding of the structure of v-SiO 2 , which, in spite of its well known noncrystallinity, is not completely disordered, has been one of the basic challenges of the past decades because this m aterial is a key component in modern technology. However, certain aspects concerning its structure and optical properties are not yet thoroughly explained.
The present paper is concerned with polarized IR reection spectra of vitreous silica and their interpretation in the light of longitudinal optic/transverse optic (L O-TO) vibrational mode splittings. In transverse vibrations, the atomic displacements are perpendicular to the direction of the periodicity of the elastic wave (that of the wave vector K), whereas in the longitudinal vibrations, the displacements are parallel to the wave vector. 15 So, for a single transition, there exist two types of vibrations. The physical meaning for this feature is ver y clear for crystals, but this is not the case for amorphous materials. Although there is some controversy concerning the existence of LO-T O splitting in disordered materials, its ocurrence in partially ionic glasses has previously been obser ved in several glass systems and was also theoretically con® rm ed. Galeener and Lukowsky 3 were the ® rst researchers who observed such splittings in tetrahedral glasses and stressed that they are due to long-range Coulom b effects. By introducing this idea in the equation-ofmotion m ethod, de Leeuw and Thorpe 4 have shown the existence of an LO-T O splitting in a periodic random network containing 1536 ions.
In conventional transmission spectroscopy at near-normal incidence, only TO m odes can be detected due to the transverse character of light. However, if the light is p-polarized and the incidence angle is oblique, both TO and LO modes can be detected. Such an LO mode detection is known among spectroscopists as the Berreman effect, due to the pioneering work of D. W. Berreman, 16 and is widely exploited for the characterization of thin ® lms. 17±19 Almeida and co-workers 20, 21 have suggested that Berrem an's argument could be extended to the case of bulk samples, as they were able to detect LO m odes by both diffuse and specular re¯ectance spectroscopy. Their work led to the present idea of studying how polarization and incidence angle can affect the re¯ection spectrum of vitreous silica and hence the detection of its LO modes. Due to the particularities of each polarization state, this work gives further insight into the analysis of v-SiO 2 IR spectroscopy. 
EXP ERIM ENTAL
The v-SiO 2 studied was a commercial sample obtained from high-purity powdered crystalline quartz by fusion in a H 2 /O 2¯a me (Verneuil m ethod). Its typical concentration of hydroxyl groups is 150 ppm . It consisted of a polished rod with a diameter of 1.7 cm and thickness of 1.2 cm. Such a thickness suf® ces for the sample to be regarded as semi-in® nite. Infrared specular re¯ectance spectra were m easured for the sample in a Bomen MB-101 Fourier transform infrared (FT-IR) spectrom eter equipped with a DTGS detector. The spectral range covered was 400 ±5000 cm 2 1 . Each spectrum was the result of coadding 128 scans collected at 4 cm 2 1 resolution, in the external-specular-re¯ectance mode, by means of a SPECAC variable-angle attachment, at the incidence angles 10, 20, 30, 40, 50, 60, and 708 off normal for both p-and s-polarized radiation. An extra spectrum was m easured at 108 off normal with unpolarized radiation for each sample. Polarization was provided by the insertion of a SPECAC KRS-5-based grid polarizer in the optical path. All re¯ection-absorption measurem ents were referenced to an aluminum m irror and were carried out at room temperature.
RESULTS AND DISCUSSIO N
A quick glance at the IR re¯ection spectra of vitreous silica ( Fig. 1 ) suf® ces to show the m arked changes the spectra undergo on varying the polarization of the radi-ation and the incidence angle. In order to understand such effects, the optical constants of the m aterial were determined by Kramers±Kro È nig analysis of re¯ectance data. Co m m on p roced ures 1 0 ,1 1 use n ear-n orm al re¯ectance spectra as the input for such a calculation. However, according to the works of several researchers, 12±14 the quality of optical constant retrieving can be improved if the input is a re¯ectance spectrum obtained at oblique angles and with s-polarized radiation. Such a procedure requires only an additional correction term in the Kramers±Kro È nig integrals that depends on the polarization state, the incidence angle, and the sample static ( Î 0 ) and high-frequency (Î`) dielectric constants. These correction terms were derived by considering the integration path for which the singularities on the imaginary axis in the complex plane are avoided. Hopfe et al. 12 presented a table summarizing such correction terms. For the speci® c case of vitreous silica, the correction term is independent of the incidence angle for s-polarized spectra. On the other hand, this is not the case for p-polarized spectra, which makes the retrieval somewhat more complicated.
In this work sets of optical constants were retrieved by KKA from the s-polarized re¯ectance spectra of vitreous silica shown in Fig. 1 . The conventional KKA was also carried out from unpolarized 108 off-normal re¯ectance data. The only noteworthy difference between the several sets of retrieved optical constants is that the conventional KKA generated slightly negative values for k in the highfrequency region, which is physically unacceptable. It has been suggested 12 that, for s-polarized light, the error increases with the incidence angle. Therefore, we have subsequently used the optical constants obtained by KKA of the re¯ectance spectra of vitreous silica recorded at an incidence angle of 208 and s-polarization light. The procedure used was carried out by m eans of software built in the MatLab (T he MathWorks) environment based on the following equations:ǹ and rÄ s is the complex re¯ectivity. As for the extrapolation required by Eq. 1, there exists a variety of extrapolation routines. The one we used here was constant re¯ectivities derived from the ® rst and the last points of the m easured spectrum ® le. Figure 2 shows the as-obtained optical constants.
The optical constants shown in Fig. 2 were used to calculate LO [ respond to LO wavenumbers ( LO ), whereas maxima in n Ä the TO function correspond to TO wavenum bers ( TO ).
n Ä In general, these functions are in good agreem ent with previously published works. 3 Each of the three major TO-function bands shown in Fig. 1 can be characterized in terms of a particular vibrational mode of the oxygen (O) atoms with respect to the silicon (Si) atom pairs which they bridge:
1. The lowest-frequency TO band centered at 451 cm 2 1 is assigned to the rocking (R) of the O atom about an axis through the two Si atoms. 2. The middle TO band, which is centered at 800 cm 2 1 , is assigned to symmetrical stretching (SS) of the O atom along a line bisecting the axis formed by the two Si atoms. 3. The remaining TO band (1072 cm 2 1 ) is due to an asymm etrical stretching (AS) motion in which the O atom m oves back and forth along a line parallel to the axis through the two Si atoms.
However, one can easily observe that there is a highfrequency shoulder in this last TO band, which suggested to several researchers 22 that the AS m otion actually gives rise to two vibrational modes: (1) an AS1 m ode in which adjacent O atoms execute the AS m otion in phase with each other, and (2) an AS2 m ode in which adjacent O atoms execute the AS m otion 1808 out of phase with each other. The AS1 m ode is characteristic of the vibrational behavior of the TO band centered at 1072 cm 2 1 , while the shoulder at ; 1200 cm 2 1 is related to the AS2 m ode. This splitting of the asymm etrical m ode has been corroborated by Pasquarello and co-workers 23 in their study of the vibrational properties of v-SiO 2 within the local density approximation to density functional theor y.
There is, however, some controversy concerning this AS2 mode. It was even argued that the shoulder observed in the KKA-derived absorption index spectra and hence in the TO function was a result of treating near-normal re¯ectance data as if it were obtained at norm al incidence. 20 Since, in this work, the optical constants were determined from s-polarized re¯ectance data by adding an appropriate correction term and the shoulder was still obser ved, one can infer that it is not an artifact caused by such a m isassumption.
Each of these four TO m odes is paired with an LO m ode, and since vitreous silica has high optical contants in the reststrahlen region, the LO vibrational motions are not the sam e as their paired TO m odes, and splittings are obser ved. This pattern is clearly shown in Fig. 3 . Once m ore, the LO-T O pair related to the AS2 mode is controversial. By introducing m ode coupling into the classical oscillator m odel for the optical dispersion of vitreous silica, Kirk 22 argued that when both levels of an LO-T O pair are interm ediate between the levels of another LO-T O pair, then the level of the interm ediate pair is reversed. The values calculated by Kirk were ; 1160 and ; 1200 cm 2 1 for the LO and the TO mode, respectively. According to our spectra and calculations, these values are ; 1088 and ; 1147 cm 2 1 , which is shown as a detail in Fig. 3 . Such a difference m ay be due to the m ethod of determ ination of these param eters. They have been determ ined by calculations based on classical oscillator m odels plus m ode coupling, while the present LO-TO functions were determ ined by KKA of re¯ectance data.
In order to analyze the re¯ectance spectra shown in Fig. 1 in the light of LO-TO splitting, the graphs presented in Fig. 4 were constructed. Each of them shows the m aximum value of re¯ectance related to each of the four modes described above for both a simulated and an experimental polarized spectrum as a function of the incidence angle.
Spectral simulation was carried out with the optical constants shown in Fig. 2 and Fresnel equations: where R stands for re¯ectance, r for Fresnel re¯ectivity, u i for incidence angle, and u t for refraction angle. The subscripts p and s refer to p-polarized and s-polarized light, respectively, while the subscripts 1 and 2 refer to the m edium of incidence (air) and to the sample m edium, respectively. Experimental line shapes were satisfactorily reproduced by simulated spectra. The shifts in the re¯ectance m axima presented in Figs. 4a, 4b, and 4c can be explained by extending Berreman's argument for transmission to the case of re¯ection from bulk v-SiO 2 , as has already been suggested by Almeida. 21 Since s-polarized light can detect only TO modes, no changes in the re¯ection maxima are expected as the in-cidence angle increases, which was obser ved for both simulated and experimental spectra. On the other hand, in addition to TO modes, p-polarized light can also detect LO modes at oblique incidence angles. Since for these three vibrational modes, the LO m odes lie on higher frequencies than their respective TO modes, a blue shift in the re¯ectance m axima was obser ved as the incidence angle increased. The same tendency was veri® ed for simulated spectra. This obser vation suggests that Berreman' s argument concerning LO-TO splittings in transmission spectra at oblique incidences can indeed be extended to the case of re¯ection from a semi-in® nite medium. Such an extension is supported by the fact that the incident radiation interacts with a thin ® lm at the surface of a bulk specimen, with a thickness determined by the depth of penetration of the IR radiation in the frequency range of each particular vibrational mode, which is roughly equal to the reciprocal of the absorptivity. 10, 21 Such behavior, however, was not observed for the reectance feature at ; 1250 cm 2 1 (Fig. 4d) , which is intriguingly enhanced as the incidence angle increases for both polarizations. By studying unpolarized re¯ectance spectra of v-SiO 2 , Almeida 21 assigned this enhancement to the LO mode related to the AS1 mode. However, although this frequency is very close to that of the LO mode related to the AS1 m ode, this feature cannot be assigned to that mode because LO m odes cannot be detected by s-polarized light. Furthermore, the AS2 m otion is weakly IR active, which is seemingly in disagreement with the strong enhancement obser ved. By observing the optical constants spectra shown in Fig. 2 , one can easily verify that the shoulder immediately after the band assigned to the AS1 m ode caused the refraction index spectrum to have the anomalous dispersion related to the AS2 m ode before returning back to its baseline. This closeness between the two asymm etrical modes causes a broad dip below unity for the refractive index. To illustrate how small values of the refractive index can affect a specular re¯ectance spectrum, we calculated the re¯ection of a medium with k 5 0.432, varying the refractive index from 0 to 2 for several incidence angles and for both polarization states. That value is the retrieved absorption index at 1243 cm 2 1 and corresponds to a refractive index of 0.346. By observing the results of such a calculation ( Fig. 5 ), we can see that, although the AS2 is weakly IR active, the broad dip below unity in the refractive index brings about the observed inten-si® cation in the re¯ection as the incidence angle increases. Therefore, the dram atic increase in the intensity of the high-frequency shoulder cannot be assigned to an LO mode because, besides being obser ved for both polarizations, it was also proven to arise from the extremely low values of n.
The present ® ndings give further insight into the reection and absorption properties of vitreous silica, and the results can be extended to other, similar materials, such as ionic glasses. 21 These properties m ust be considered when searching for materials to be used as waveguides in the m id-infrared region, especially in determining their cut-off regions.
CONCLUSIO N
The present study gave further insight into the following issues concerning v-SiO 2 IR spectroscopy:
1. The high-frequency shoulder observed in the KKAderived absorption index spectrum is not an artifact arising from treating 108 off-normal re¯ectance data as normal re¯ectance data. This was clearly shown because, in addition to the conventional KKA , the absorption index was also determined by KKA of an spolarized 208 off-normal spectra by adding a previously reported correction term to the Kramers±Kro È nig integrals, and the shoulder was observed in both absorption index spectra. 2. The original Berreman argum ent for the case of transm ission through thin cr ystal ® lms can indeed be extended to re¯ection from a bulk glass such as v-SiO 2 . Such an inference is supported by the blue shifts obser ved in p-polarized spectra, while s-polarized re¯ection maxima presented no shifts. The same observations were obtained from simulated spectra.
The intriguing intensi® cation of the high-frequency
shoulder with increasing incidence angle was proven to be due to a broad dip below unity in the refraction index spectrum of v-SiO 2 . Such a dip is brought about by the closeness between the intense AS1 mode and the weakly IR active AS2 mode.
